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Abstract
The conformations of a series of organophosphine oxides, OP(CH3)2R, where R = methyl, ethyl, isopropyl,
tert-butyl, vinyl, and phenyl, are predicted using the MP2/cc-pVTZ level of theory. Comparison of potential
energy surfaces for rotation about P–C bonds with crystal structure data reveals a strong correlation between
predicted location and energetics of minima and histograms of dihedral angle distributions observed in the
solid state. In addition, the most stable conformers are those that minimize the extent of steric repulsion
between adjacent rotor substituents, and the torsional barriers tend to increase with the steric bulk of the
rotating alkyl group. MM3 force field parameters were adjusted to fit the MP2 results, providing a fast and
accurate model for predicting organophosphine oxides shapes—an essential part of understanding the
chemistry of these compounds. The predictive power of the modified MM3 model was tested against MP2/
cc-pVTZ conformations for triethylphosphine oxide, OP(CH2CH3)3, and triphenylphosphine oxide,
OP(Ph)3.
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ABSTRACT: The conformations of a series of organophosphine
oxides, OP(CH3)2R, where R = methyl, ethyl, isopropyl, tert-butyl,
vinyl, and phenyl, are predicted using the MP2/cc-pVTZ level of
theory. Comparison of potential energy surfaces for rotation about
P−C bonds with crystal structure data reveals a strong correlation
between predicted location and energetics of minima and
histograms of dihedral angle distributions observed in the solid
state. In addition, the most stable conformers are those that
minimize the extent of steric repulsion between adjacent rotor
substituents, and the torsional barriers tend to increase with the
steric bulk of the rotating alkyl group. MM3 force ﬁeld parameters were adjusted to ﬁt the MP2 results, providing a fast and
accurate model for predicting organophosphine oxides shapesan essential part of understanding the chemistry of these
compounds. The predictive power of the modiﬁed MM3 model was tested against MP2/cc-pVTZ conformations for
triethylphosphine oxide, OP(CH2CH3)3, and triphenylphosphine oxide, OP(Ph)3.
■ INTRODUCTION
Organophosphine oxides are compounds of the form OPR3
where R = alkyl or aryl.1 At a fundamental level, the nature of
the PO bond in phosphine oxides is open to question2−4 and
can be represented by a combination of single- and triple-bond
resonance structures or as a highly ionic dative P+−O− bond
instead of the traditional double bond shown in most of the
literature. The most recent estimate of the PO bond order in
phosphine oxide is ∼1.5.5 Nonetheless, for simplicity, this work
follows the normal convention of using the PO notation for
the bond with the understanding that the PO bond is more
complex in nature. Exhibiting a strong PO dipole moment,
these compounds readily form complexes with metal ions and
hydrogen bond donors.
Lipophilic analogues have long been studied as solvent
extraction agents for rare earths, lanthanides, and actinides6−12
and for protic organic species such as alcohols and carboxylic
acids.13,14 A well-known example, trioctylphosphine oxide
(TOPO), has been used commercially in the recovery of
uranium from wet process phosphoric acid15 and recovery of
byproduct acetic acid and furfural generated during sulﬁte wood
pulping.16 Development of novel metal chelating agents
containing the phosphine oxide functional group remains an
active area of research.17−21 In addition to their utility as metal
ion complexants, organophosphine oxides have application as
Lewis base catalysts,22−24 antitumor agents,25 and electron
transport materials in light-emitting diodes.26−28
The ability to predict the shapes of organophosphine oxides
is essential for understanding the chemistry of these
compounds. Quantum-mechanical (QM) calculations that
include electron correlation, such as second-order Møller−
Plesset perturbation theory (MP2),29 can provide accurate
information. However, correlated QM methods are computa-
tionally demanding. Even the most eﬃcient wave function
method that includes electronic correlation, MP2, scales as ∼N5
in computer time, where N is related to the size of the chemical
system. As a result, the use of correlated methods rapidly
becomes intractable when applied to larger molecules or large
numbers of smaller molecules. The latter situation frequently
arises in conformational analysis where it may be necessary to
perform thousands of geometry optimizations to locate all
stable conﬁgurations of a molecule30 and in structure-based
computer-aided design applications involving the evaluation of
thousands of candidates.31−34 Given their computational
eﬃciency, allowing full geometry optimizations in seconds,
classical molecular mechanics (MM) models are the best choice
for such applications.
If adequately parametrized, MM models are capable of
yielding geometries and relative energies with an accuracy that
rivals QM methods. The Allinger MM3 force ﬁeld,35 one of the
most accurate MM models for small organic molecules,36 was
extended in 1998 to treat a subset of P(V) species, including
phosphine oxides.37,38 However, the extended parameter set
was limited to aliphatic substituents, and the performance of
the model with respect to organophosphine oxides was
reported for only two examples, trimethylphosphine oxide
and 1-methylphosphinane 1-oxide. Both the lack of parameters
for unsaturated hydrocarbon substituents, such as vinyl and
phenyl, and the desire to further benchmark this model against
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accurate QM methods provided motivation for the current
study.
Herein we report conformational analyses and relative
energietics for trimethylphosphine oxide, 1, ethyl(dimethyl)-
phosphine oxide, 2, isopropyl(dimethyl)phosphine oxide, 3,
tert-butyl(dimethyl)phosphine oxide, 4, vinyl(dimethyl)-
phosphine oxide, 5, phenyl(dimethyl)phosphine oxide, 6,
triethylphosphine oxide, 7, and triphenylphosphine oxide, 8.
All possible minima generated by rotation about P−C bonds
were evaluated at the MP2/cc-pVTZ level of theory. The
results, which elucidate the preferred conformations of these
species, were used to benchmark and improve the performance
of the MM3 model.
■ THEORETICAL METHODS
Electronic Structure Calculations. Calculations were
performed with the GAMESS code39,40 using second-order
Møller−Plesset perturbation theory.29 Calculations were done
using the cc-pVTZ basis set,41 including all valence electrons
(frozen core) in the correlation treatment. Potential energy
surfaces (PESs) for rotation about the P−C bonds in 1−8 were
calculated by constraining one OP−C−X (X = H or C)
dihedral angle in the phosphine oxide and fully optimizing the
remaining geometric degrees of freedom (3N − 7 internal
degrees of freedom, where N is the number of atoms) with no
symmetry constraints (C1 symmetry). In each case the
constrained optimizations were performed to obtain data
from 0° to 360° at 5° increments. All geometry optimizations
were converged to a very tight optimization convergence
criterion, with the gradient being less than 0.00001 hartree/
bohr.
Approximate positions of minima and transition states on the
PESs were located by the above constrained optimization
scheme. After removing the torsional constraints, MP2/cc-
pVTZ calculations (3N − 6 internal degrees of freedom)
yielded fully optimized geometries for the minima and
transition states (absolute energies and atomic coordinates for
these structures are provided as Supporting Information).
Hessians were calculated and diagonalized at the optimized
geometries of the minima and transition states at the MP2/cc-
pVTZ level. Frequencies were used to characterize each
stationary point as a minimum (no negative eigenvalues) or a
transition state (one negative eigenvalue). The zero-point
energy (ZPE) was obtained using the (real) harmonic
frequencies. The zero-point energy correction to the barrier
height (ΔZPE) is deﬁned as the ZPE of the transition state
minus the ZPE of the minimum.
To illustrate the expense of using QM methods for
conformational analysis, an energy-directed tree search
algorithm (EDTS)42 in conjunction with a computationally
less expensive density functional theory model, PBE0/cc-
pVTZ,43 was used to conduct a conformer search of 7. Nine
unique minima identiﬁed in this search were subsequently
optimized at the MP2/cc-pVTZ level of theory.
Cambridge Structural Database. Average experimental
structural parameters (bond lengths and bond angles) and
dihedral angle distributions were obtained through analysis of
the Cambridge Structural Database (CSD).44,45 The CSD
program ConQuest was used to identify crystal structures
containing diﬀerent subsets of organophosphine oxide
molecules, OPR3. In all searches, the PO oxygen atom was
constrained to have a coordination number of one (to avoid
protonated or metal coordinated examples), and all bonds to P
were constrained to be acyclic (to avoid cases where the P atom
was incorporated within a ring system). All searches were
subjected to the following ﬁlters: 3D coordinates determined, R
factor ≤0.1, not disordered, no errors, no powder structures.
Three series of searches were performed. To obtain data for
comparison of bond length and bond angle data to computed
values, the ﬁrst series of searches were constrained so that P
was attached to two methyl substituents, with the third
substituent being either a methyl, ethyl, isopropyl, tert-butyl,
vinyl, or phenyl group. These searches located four examples of
1 and one example of 6. Loosening these criteria so that the
ﬁrst two substituents could be either −CH3 or −CH2C
(representing any primary alkyl), and the second substituent
could be −CH2C, −CHC2 (secondary alkyl), −CC3 (tertiary
alkyl), or a vinyl group, a second series of searches yielded 21
analogues of 2, two analogues of 3, and two analogues of 4, and
no analogues of 5. Loosening the criteria even further to allow
the ﬁrst two substituents to be any four coordinate carbon
group, a third series of searches were performed to obtain
dihedral angle data distributions in analogues of 1−6 giving
(rotor group, number of crystal structures): −CH3, 40;
−CH2C, 31; −CHC2, 15; −CC3, 7; vinyl, 0; phenyl, 22.
Diagrams of the CSD search fragments are provided as
Supporting Information.
Force Field Calculations. After comparing the perform-
ance of the existing Merck Molecular Force Field 94
(MMFF94)46−52 and MM335 models in PCModel,53 the
MM3 model was chosen since it has the best default
performance (see Supporting Information for the MMFF94
data). Calculations were performed with the MM3 force ﬁeld35
as implemented in the PCModel molecular modeling
software.53 MP2/cc-pVTZ optimized geometries for 1−6 and
crystal structure data provided a basis for both testing the
ability of the prior MM3 model37,38 to predict bond lengths and
angles in 1−4 as well as the assignment of bond length and
angle parameters for 5 and 6. After ensuring that bonds and
angles were well-reproduced, torsional parameters for X−P−
C−Y dihedral angles (X = C, O; Y = C, H) were adjusted to
give the best ﬁt to rotational PESs. The ﬁnal set of updated
parameters is provided as Supporting Information. In the
ensuing discussion, this model is termed MM3+ to distinguish
it from the default MM3 model. The performance of MM3+
was tested by evaluation of 7 and 8, including a conformational
search of 7 using PCModel’s GMMX algorithm.
■ RESULTS AND DISCUSSION
The conformations of a series of RMe2PO molecules were
evaluated at the MP2/cc-pVTZ level of theory. PESs for the
rotation of the methyl group (Me) in 1, ethyl group in 2,
isopropyl group in 3, tert-butyl group in 4, vinyl group in 5, and
phenyl group in 6 were determined. Because the Me
substituents in 1−6 each exhibit only one 3-fold degenerate
Scheme 1
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rotamer, these PESs identiﬁed the approximate location for all
minima of each molecule as well as the transition states for the
P−C bond that was rotated. Views of the fully optimized
geometries for these transition states and minima are presented
in Figure 1, and their relative energies, with and without ZPE
corrections, are summarized in Table 1. These results were used
to improve and extend the prior MM3 model. The process
involved ﬁrst adjusting bond length and angle parameters
followed by assignment of torsion parameters.
Bond Lengths and Angles. MP2 bond lengths and angles
for the most stable geometries in 1−6 are compared with
average experimental values observed in crystal structures in
Table 2. Search of the CSD provided crystals that explicitly
contained 1 and 6, allowing an exact comparison in the
structures between the CSD and the gas phase computations
for 1 and 6. Repeating the searches using analogous structures
in which the Me groups attached to phosphorus were allowed
to be any primary alkyl group and Me groups on the rotating
alkyl substituent were allowed to be any alkyl group provided
data for comparison to 2−4. No such data were available for 5.
Where possible, Table 2 also summarizes bond lengths and
angles obtained after geometry optimization using the MM3
and MM3+ models.
Experimental PO bond lengths, which are relatively
insensitive to the nature of the carbon substituents, are
reproduced within 0.005 Å by all three models. The P−C
(where the C is four-coordinate) bond lengths exhibit the
expected trend of increasing with increasing steric bulk as α
hydrogen groups are replaced by α carbon groups. On going
from methyl to a tertiary substituent, the mean bond length
values in crystal structures increase from 1.79 to 1.84 Å and in
MP2 optimized geometries from 1.81 to 1.84 Å. This eﬀect is
mimicked in the MM3 models where the elongated lengths
result from both increased steric repulsion between P
substituents and electronegativity corrections that increase the
ideal P−C bond length as α hydrogen groups are replaced by α
carbon groups. Experimental P−C bond lengths are reproduced
to within an average absolute error of 0.011 Å with MP2, 0.017
Å with MM3, and 0.014 Å with MM3+. The MM3+ values
reproduce the MP2 values with an average absolute error of
0.004 Å. The maximum error in P−C bond lengths are 0.023 Å
with MP2, 0.030 Å with MM3, and 0.027 Å with MM3+.
Comparison with experimental bond angles subtended at P
reveals that the MP2 model systematically overestimates O
P−C angles by an average of 1.3° (with 2.0° maximum error)
and underestimates C−P−C angles by an average of −1.4°
(with −2.3° maximum error). The prior MM3 model gives
similar trends, with OP−C angles that are too high by an
average of 1.6° (with 3.2° maximum error) and C−P−C angles
that are low by −1.4° (with −2.6° maximum error). After
adjusting bending parameters in MM3+, it was possible to
reduce discrepancies with experimentally observed values to
within an average errors of −0.4 (with −1.8° maximum error)
and 0.9° (with 2.0° maximum error) in OP−C and C−P−C
angles, respectively.
Rotational PESs. Data for rotation about P−C bonds in 1−
6 are summarized in Figures 2−7, respectively. Where possible,
Figure 1. MP2/cc-pVTZ optimized geometries for all stationary points in the rotational PESs for 1−6 shown in Figures 2−7.
Table 1. Summary of Stationary Points on Rotational PESs
for 1−6a
Erel Erel
stationary without ZPE with
point ϕ (deg) ν (cm−1) (kcal/mol) ZPE(kcal/mol)
1a 0.0 196i 2.2 2.0
1b 59.1 153 0.0 0.0
2a 0.0 92i 2.4 2.4
2b 54.6 75 0.0 0.0
2c 119.2 101i 3.4 3.5
2d 180.0 53 0.6 0.6
3a 0.0 80i 4.6 4.8
3b 62.2 39 0.4 0.4
3c 118.8 76i 3.6 3.7
3d 180.0 52 0.0 0.0
4a 0.0 77i 4.8 5.1
4b 58.4 16 0.0 0.0
5a 0.0 98 0.0 0.0
5b 70.0 96i 3.5 3.2
5c 126.6 75 2.1 2.1
5d 180.0 50i 2.8 2.5
6a 0.0 45 0.0 0.0
6b 87.9 38i 2.9 2.9
aResults reported in this table were obtained at the MP2/cc-pVTZ
level of theory. Stationary point labels correspond to transition states
and minima in PESs shown in Figures 2−7. ϕ is the OP−C−X
torsion angle (X = C or H) obtained after geometry optimization. ν is
the lowest frequency for the minima or the single imaginary frequency
for the transition states. Erel is the electronic energy relative to the
lowest energy structure for a given molecule. ZPE = zero point energy.
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each ﬁgure gives the rotational PES obtained using the MP2/
cc-pVTZ, MM3, and MM3+ model. These energy proﬁles were
obtained by constraining the OP−C−X dihedral angle (X =
H for 1 and 3, C for 2 and 4−6) at intervals of 5° from 0 to
360° and fully optimizing the remaining degrees of freedom.
Labels, consisting of a lower case alphabetical letter added to
the molecule number, are used to reference the transition states
and minima shown in Figure 1. In addition, with the exception
of 5 for which there was a lack of data, the theoretical energy
proﬁles are compared with dihedral angle distributions
observed for molecular analogues in the solid state.
Rotation of tetrahedral carbon substituents attached to a
tetrahedral P atom gives rise to the expected staggered
minimum conﬁgurations, in other words, trans (180°) and
gauche (±60°) rotamers with transition states located near 0°
and ±120°. Methyl rotation in 1 (Figure 2) and tert-butyl
rotation in 4 (Figure 5) yield PESs that exhibit three equivalent
minima, geometries 1b and 4b, respectively. Ethyl rotation in 2
(Figure 3) and isopropyl rotation in 3 (Figure 4) yield PESs
characterized by two energetically equivalent minima, one near
+60°, 2b and 3b, and one (mirror image) near −60°, and one
unique minimum near 180°, 2d and 3d. The observed stability
order can be predicted by identifying the form that minimizes
the extent of steric repulsion between adjacent rotor
substituents, which is expected to decrease in the following
order: Me(P), Me(C) > O(P), Me(C) > Me(P), H(C) >
O(P), H(C). In both 2 and 3, the more stable form is the
orientation that places a small hydrogen atom substituent on
the α carbon of the rotating alkyl group in between the two Me
groups on the P atom, 2b and 3d.
As seen in Table 1, torsional barriers in 1−4 tend to increase
with the steric bulk of the rotating alkyl group. In addition, the
frequency of the torsional mode of the lowest energy minima
decreases as the rotating group gets bulkier: 153 > 75 > 52 > 16
cm−1 for 1−4, respectively. The imaginary frequencies of the
high-energy transition states also decrease in the same order,
but with a somewhat higher magnitude 196i > 101i > 80i > 77i
cm−1. These trends in the frequencies show that the region near
the top of the barrier is tighter (more narrow along the rotation
coordinate) than the region near the minimum. The MP2
rotational barriers are essentially unaﬀected by zero-point
corrections.
Vinyl group rotation in 5 (Figure 6) yields a PES showing
one minimum at 0°, 5a, and two higher energy minima, one
near +125°, 5c, and its mirror image at −125°. In these minima,
the double bond is eclipsed and the α H atom is staggered with
Table 2. Comparison of Bond Lengths (Å) and Angles (deg)
from X-ray Data and Optimized Global Minimum
Geometries for 1−6 at the MP2, MM3, and MM3+ Levels of
Theory
no. featurea X-rayb MP2 MM3 MM3+
1b PO 1.489 ± 0.001 1.484 1.490 1.490
P−CMe 1.785 ± 0.011 1.808 1.815 1.812
OP−CMe 112.9 ± 0.6 114.3 114.0 112.1
CMe−P−CMe 105.8 ± 0.7 104.3 104.6 106.7
2b PO 1.494 ± 0.016 1.486 1.490 1.490
P−C1° 1.807 ± 0.013 1.814 1.825 1.822
P−CX 1.804 ± 0.017 1.809 1.816 1.813
OP−C1° 112.9 ± 1.5 113.8 114.1 112.4
OP−CX 112.9 ± 1.2 114.5 113.8 111.8
C1°−P−CX 105.8 ± 1.3 104.7 104.8 107.0
CX−P−CX 105.7 ± 1.4 104.1 104.1 106.3
3d PO 1.488 ± 0.017 1.488 1.490 1.490
P−C2° 1.829 ± 0.001 1.824 1.839 1.836
P−CX 1.796 ± 0.003 1.810 1.817 1.814
OP−C2° 112.0 ± 0.1 113.4 114.2 112.5
OP−CX 112.2 ± 0.1 114.2 113.8 111.9
C2°−P−CX 107.5 ± 0.5 105.2 105.4 107.3
CX−P−CX 105.0 ± 1.2 103.5 103.2 105.5
4b PO 1.490 ± 0.002 1.488 1.490 1.490
P−C3° 1.850 ± 0.028 1.836 1.839 1.836
P−CX 1.797 ± 0.004 1.811 1.817 1.814
OP−C3° 111.0 ± 0.4 112.4 114.2 112.5
OP−CX 113.1 ± 1.0 113.6 113.8 111.9
C3°−P−CX 106.8 ± 0.6 106.6 107.0 108.8
CX−P−CX 105.7 ± 1.5 103.4 103.1 105.7
5a PO 1.486 1.489
P−CV 1.799 1.811
P−CMe 1.807 1.801
OP−CV 113.5 112.3
OP−CMe 114.7 112.2
CV−P−CMe 104.2 106.2
CMe−P−CMe 104.2 107.3
6a PO 1.492 1.486 1.490
P−CPh 1.810 1.809 1.810
P−CMe 1.792 1.807 1.812
OP−CPh 111.3 112.9 111.5
OP−CMe 113.6 114.5 111.8
CPh−P−CMe 105.8 104.7 106.8
CMe−P−CMe 105.9 104.5 107.7
aNomenclature: Me = CH3; 1° = CH2R; 2° = CHR2; 3° = CR3; V =
vinyl; Ph = phenyl; X = either CH3 or CH2R (R = any substituent
attached by a carbon atom). bMean observed values from the CSD.
Uncertainties represent one sample standard deviation.
Figure 2. Comparison of MP2, MM3, and MM3+ PESs for rotation of
a single methyl group in 1 (top) with the experimental distribution of
OP−C−H dihedral angles about P−Me bonds in crystal structures
containing OPR2Me, where R is any alkyl group (bottom). Geometries
associated with labeled transition state, 1a, and minimum, 1b, are
shown in Figure 1.
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respect to the P substituents. At 180°, the height of the barrier
between the two high-energy forms is 0.4 kcal/mol after zero
point energy correction (Table 1), below the thermal energy
value, kT = 0.6 kcal/mol at 298 K, indicating that these two
forms are freely interconverting at room temperature. Phenyl
group rotation in 6 (Figure 7) yields a PES with two equivalent
minima at 0° and 180°, 6a. In this minimum the plane of the
phenyl ring is eclipsed with the PO bond and lies in between
the two Me groups attached to the P atom. As with the alkyl
substituents, zero point energy corrections have a small impact
on the barrier heights.
The rotational PESs are compared with dihedral angle
distributions observed for methyl (−CH3, Figure 2), primary
alkyl (−CH2C, Figure 3), secondary alkyl (−CHC2, Figure 4),
tertiary alkyl (−CC3, Figure 5), and phenyl (C6 arenes with two
ortho H atoms, Figure 7) rotors on phosphine oxides
Figure 3. Comparison of MP2, MM3, and MM3+ PESs for ethyl
group rotation in 2 (top) with the experimental distribution of OP−
C−C dihedral angles about P−CH2R′ bonds in crystal structures
containing OPR2(CH2R′), where R is any alkyl group and R′ is any
group attached by a carbon atom (bottom). Geometries associated
with labeled transition states, 2a and 2c, and minima, 2b and 2d, are
shown in Figure 1.
Figure 4. Comparison of MP2, MM3, and MM3+ PESs for isopropyl
group rotation in 3 (top) with the experimental distribution of OP−
C−H dihedral angles about P−CHR′R″ bonds in crystal structures
containing OPR2(CHR′R″), where R is any alkyl group and R′ and R″
are any group attached by a carbon atom (bottom). Geometries
associated with labeled transition states, 3a and 3c, and minima, 3b
and 3d, are shown in Figure 1.
Figure 5. Comparison of MP2, MM3, and MM3+ PESs for tert-butyl
group rotation in 4 (top) with the experimental distribution of OP−
C−C dihedral angles about P−CR′R″R‴ bonds in crystal structures
containing OPR2(CR′R″R‴), where R is any alkyl group and R′, R″,
and R‴ are any group attached by a carbon atom (bottom).
Geometries associated with labeled transition state, 4a, and minimum,
4b, are shown in Figure 1.
Figure 6. MP2 and MM3+ PESs for vinyl group rotation in 5.
Geometries associated with labeled minima, 5a and 5c, and transition
states, 5b and 5d, are shown in Figure 1.
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substituted with two additional alkyl groups. In every case, the
experimental distribution is consistent with the theoretical PES.
In other words, the dihedral angles observed in crystal
structures cluster in regions corresponding to minima in the
gas-phase PESs; when there are two distinct minima of diﬀering
energy, as with 2 and 3, there is more crystal structure data
available associated with the lower energy minimum than the
higher energy one.
Figures 2−7 also provide a comparison of the PESs obtained
with the MM3 and MM3+ models. With 1−4, MM3 does a
good job predicting the location and relative energy of the
minima. However, it slightly overestimates barrier heights in 1
and signiﬁcantly underestimates barrier heights in 2−4. After
adjustment of torsional parameters to ﬁt the MP2 PESs, these
discrepancies are minimized in MM3+. While these changes in
the parameters for MM3+ make only small improvements to
the location and relative energies of the minima (the largest
changes are for the minima of 2 and 3), there are signiﬁcant
changes to the energetics of the maxima and therefore the
shape of the potential energy surfaces away from the minima.
This would have an eﬀect on molecular dynamics simulations
or in other situations where the molecule must distort away
from the minimum geometry. Similarly, after the adjustment of
torsional parameters in new terms added to treat unsaturated
substituents, it was possible to obtain close agreement between
the MP2 and MM3+ PES for 5 and 6. Overall, the dihedral
angles for all MM3+ stationary points are within 3° of the
dihedral angles of MP2 stationary points, and relative MP2
energies for all minima and transition states are reproduced to
within 0.3 kcal/mol by MM3+.
Conformational Analysis of 7. As mentioned in the
Introduction, there are times when it is much more eﬃcient to
use a force ﬁeld model than an electronic structure model to
solve a problem. An example occurs when conducting a
conformational search, which typically involves the optimiza-
tion of a large number of trial structures in order to locate all
low-energy conformers. Even with a relatively simple molecule,
such as 7, this process can be time-consuming if done using
QM. To illustrate this point, the EDTS algorithm was used with
the PBE0/cc-pVTZ model to perform a conformational search
of 7. This search, which required 3200 CPU hours, yielded nine
unique minima. Further geometry optimization and frequency
calculations at the MP2/cc-pVTZ level of theory, which
required an additional 4800 CPU hours, yielded the geometries
for 7a−7i shown in Figure 8. Relative energies are summarized
in Table 3.
Repeating the conformer search using the GMMX algorithm
and the MM3+ model identiﬁed the same nine conformations
in 70 seconds of CPU time. Comparison of the relative energies
obtained with MP2 versus those obtained with MM3+ (Table
3) reveals an average absolute error of only 0.2 kcal/mol. Thus,
the force ﬁeld model gives essentially the same result with
respect to geometry and relative energy, but does it 2 × 105
times faster (including both the PBE and MP2 computations,
but excluding the MP2 Hessian calculations).
The conformational search results indicate that the MM3+
model, which was derived by ﬁtting data to 1−6, is transferable
to other organophosphine oxides. The extent of this trans-
ferability is further probed by comparing the PES obtained by
rotation of one ethyl groups in the C3 symmetric conformer,
7b. The comparison, shown in Figure 9, illustrates that
although there is not a perfect correspondence, the MM3+
model does predict the presence of four minima and four
Figure 7. Comparison of MP2 and MM3+ PESs for phenyl group
rotation in 6 (top) with the experimental distribution of OP−C−C
dihedral angles about P−Ph bonds in crystal structures containing
OPR2Ph, where R is any alkyl group (bottom). Geometries associated
with labeled minimum, 6a, and transition state, 6b, are shown in
Figure 1.
Figure 8. MP2/cc-pVTZ optimized geometries for the nine unique
minima for 7.
Table 3. Relative Energies (kcal/mol) for Conformers of 7
conformera MP2 MM3+ conformera MP2 MM3+
7a 0.00 0.33 7f 1.44 1.38
7b 0.04 0.00 7g 2.27 2.54
7c 0.27 0.37 7h 2.33 2.60
7d 0.88 1.12 7i 5.00 5.55
7e 0.98 1.07
aSee Figure 8.
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transition states, reproducing the surface to within an average
absolute deviation of 0.3 kcal/mol. The transition states
associated with Figure 9 are available in the Supporting
Information.
Conformational Analysis of 8. Triphenylphosphine oxide,
8, is often used to help induce crystallization,54 and as a result,
there are 128 crystal structure examples in the CSD containing
non-metal-coordinated examples of 8. An MM3+ conformer
search of this molecule yields only the two energetically
equivalent C3 symmetric minima shown in Figure 10, 8a and
8b, which are mirror images of one another. When a rotational
PES is generated by constraining the dihedral angle of one of
the phenyl groups in 8, the molecule changes chirality three
times on going from 0 to 360°. Comparison of the PESs
obtained with MP2 and MM3+ (Figure 11) shows that the two
levels of theory yield similar energy proﬁles, with MM3+ giving
an average absolute deviation from the MP2 energies of 0.22
kcal/mol. The OP−C−C dihedral angle at the minima is
predicted to be ±33° by MP2 and ±25° by MM3+. The
calculated degree of twist in the phenyl groups is in good
agreement with the distribution of dihedral angles observed in
X-ray structures. The experimental distribution of dihedral
angles is concentrated in the regions ±(15−30°) on either side
of 0° and 180°. The PESs show what seem like two diﬀerent
transition states. One of them occurs near 90° and 270°, and
the other occurs near 0° and 180°. The discontinuity in the
PES for the latter one is caused when a phenyl group that is
adjacent to the one being driven undergoes a large rotation,
ﬂipping over 90°. This adjacent phenyl group is close to
perpendicular to the axis of the PO bond before the large
rotation occurs, making the structure similar to the one at 90°
and 270° in Figure 11. When the two structures transition
states are fully optimized with no constraints, it is clear that the
two structures are identical, 8c (available in Supporting
Information).
It is interesting to compare the PES shown in Figure 11 for
phenyl rotation in 8 with that in Figure 7 for phenyl rotation in
6. Replacing the two methyl substituents in 6 with two phenyl
substituents in 8 results in a signiﬁcant decrease in the MP2
barrier height from 2.9 to 0.7 kcal/mol. The fact that the
MM3+ model predicts this decrease indicates that the change
in barrier height is primarily due to diﬀerences in steric and
electrostatics interactions, rather than other possible causes,
such as induction eﬀects or π−π interactions, neither of which
are explicitly treated by terms in the force ﬁeld model.
■ SUMMARY
Geometric and energetic data were computed for a series of
organophosphine oxides, OP(Me)2R (1−6), at the MP2/cc-
pVTZ level of theory. The accuracy of this model was assessed
by comparison of the calculated structures with those observed
in crystal structures. The mean absolute deviations between
theory and experimental structural features are 0.005 Å for O
P distance, 0.011 Å for P−C distance, 1.3° for OP−C angle,
and 1.4° for C−P−C angle. The gas phase PESs for rotation
about the P−C bond for representative R groups (methyl,
ethyl, isopropyl, tert-butyl, and phenyl) are consistent with
experimental dihedral angle distributions, correctly predicting
the location and relative abundance of observed rotamers in the
solid state.
The stability of conformers can be predicted by minimizing
the amount of steric repulsion between adjacent, alkyl rotor
substituents: Me(P), Me(C) > O(P), Me(C) > Me(P), H(C) >
O(P), H(C). In addition, the torsional barriers for the alkyls
increase with the steric bulk of the rotating group. The
imaginary frequencies associated with the high-energy tran-
sition states (196i > 101i > 80i > 77i cm−1), and the real
Figure 9. Comparison of MP2 and MM3+ PESs obtained for rotation
about one of the P−C bonds in 7b. Geometries associated with labeled
minima, 7b−e, are shown in Figure 8.
Figure 10. MP2/cc-pVTZ optimized geometries for the two
stereoisomers of 8.
Figure 11. Comparison of MP2 and MM3+ PESs obtained for
rotation about one of the P−C bonds in 8 (top) with the experimental
distribution of OP−C−C dihedral angles in crystal structures
containing OPPh3 (bottom). Geometries associated with labeled
minima, 8a,b, are shown in Figure 10.
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frequencies associated with torsional motion of the lowest
energy minima (153 > 75 > 52 > 16 cm−1) decrease as the
rotating group gets bulkier. The diﬀerences in the magnitudes
of the frequencies in the transition states and minim show that
the top of the barrier is tighter than near the minima.
The MM3 force ﬁeld was adjusted and extended to
reproduce the above results (MM3+), yielding a fast and
accurate model for predicting the shapes of OPR3 molecules.
The transferability of this model was illustrated by the
conformational analysis of two additional compounds:
triethylphosphine oxide, 7, and triphenylphosphine oxide, 8.
In both cases, MM3+ yields results that closely mimic those
obtained with MP2 but does so in a fraction of the time. For
example, although 7 is a relatively simple molecule, the time
taken to perform an exhaustive conformational analysis using
QM methods and obtain the ﬁnal result consisting of nine
unique conformers rank ordered by MP2 energy was almost
half a CPU year. A comparable result was obtained in little over
1 CPU minute using the MM3+ model.
■ ASSOCIATED CONTENT
*S Supporting Information
Cartesian coordinates and absolute energies for all MP2/cc-
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